Since melanin is considered a virulence factor in Cryptococcus neoformans, its suppression at 37°C has been perplexing. We now show an opposite thermal regulation of superoxide dismutase (SOD), consistent with a compensatory mechanism. Moreover, we demonstrate normal SOD and catalase levels in albino, oxygensensitive mutants. These results suggest that melanin is an antioxidant factor comparable in importance to SOD.
Since melanin is considered a virulence factor in Cryptococcus neoformans, its suppression at 37°C has been perplexing. We now show an opposite thermal regulation of superoxide dismutase (SOD), consistent with a compensatory mechanism. Moreover, we demonstrate normal SOD and catalase levels in albino, oxygensensitive mutants. These results suggest that melanin is an antioxidant factor comparable in importance to SOD.
Current theories of aerobiosis stress the potential toxicity of molecular oxygen and its partially reduced metabolites and emphasize the importance of the defensive enzyme superoxide dismutase (SOD) (13) . The toxicology of oxidants also is relevant to the field of infectious diseases, since leukocytes kill pathogens with a flux of oxygen metabolites (1, 6, 18) .
Melanin is a virulence factor in Cryptococcus neoformans (12) and certain other fungal pathogens (3). Its structure has been described as that of a redox polymer, and it is known to reduce oxidants (15) and to stabilize unpaired electrons (2) . Thus, it should not be surprising that cryptococcal mutants selected for oxygen sensitivity exhibit albinism (9) , that mutants selected for albinism are sensitive to oxidants (14) , and that melanin confers resistance to microbicidal oxidants in both wild-type and mutant strains (10) . It is puzzling, therefore, that in most strains of C. neofornans, melanization is much reduced at the normal body temperatures of its mammalian hosts (8) . A partial answer to this problem was suggested by findings in the frog, in which melanin appears to replace SOD under certain conditions and, indeed, may itself catalyze the dismutation of superoxide ions (4, 17) . In the present work, we inquired whether a reciprocal increase in cryptococcal SOD accompanies the decrease in phenol oxidase seen at 37°C. In addition, we assayed SOD in oxygen-sensitive albino mutants in order to determine whether their oxygen sensitivity might be explained by pleiotropic defects in SOD.
The wild-type strains of C. neoformans (8) and the genotypes of the oxygen-sensitive mutants (9) were explained in earlier publications. Strain X2180 of Saccharomyces cerevisiae was obtained from C. E. Ballou at the University of California, Berkeley. Cultures were grown to late exponential phase at the indicated temperature with agitation in an acidic medium containing (per liter) asparagine (1 g), MgSO4 * 7H2O (0.5 g), glucose (3 g), KH2PO4 (3 g), and thiamine (1 mg); centrifuged at 16,000 x g for 20 min at 4°C; washed twice with potassium phosphate buffer (50 mM [pH 7.8]) containing 0.1 mM EDTA; and broken in a Beadbeater (Biospec Products). Debris was removed by centrifugation at 5,200 x g for 15 min, and the enzyme was dialyzed against the buffer at 4°C overnight.
Protein was determined with the bicinchoninic acid protein assay reagent (Pierce Corporation). The assay for SOD was performed in a 0.5-ml reaction volume under the conditions described by Geremia et al. (4), except for the pH (7.8), and it employed the reduction of cytochrome c at 550 nm. Statistical confidence was estimated by means of the Mann-Whitney U test.
Cryptococcal SOD activity was retained by dialysis membranes, was destroyed by boiling, and was stable for months at -70°C. Approximately 90% of the activity was abolished by cyanide (2 mM), suggesting that this portion is made up of cytoplasmic, copper-zinc isoenzyme while the remaining 10% is made up of mitochondrial, manganese-containing isoenzyme (5). The latter was not removed by centrifugation at 100,000 x g, suggesting that mitochondria were broken during the disruption of yeast cells. Enzyme activity was not found in the culture supernatant.
All five strains of C. neofor,nans made more total SOD at 37°C than at 25°C (Table 1) , although statistical confidence was borderline in strain 125 and was not attained in strain 127. In the case of the cyanide-resistant and presumably manganese-containing SOD, the thermal differences did not reach statistical significance for the first two strains tested, and no further measurements were performed with cyanide inhibition. The increases in SOD stood in contrast to the 6-to 30-fold temperature-related decreases in the activity of phenol oxidase in four of the five cryptococcal strains tested (Table 1) (8) . Although old data are presented here, the temperature-related decrease in phenol oxidase activity has been observed on many occasions. In S. cerevisiae, SOD activity was comparable to that in the pathogen when cultures were grown at 25°C. However, in 37°C cultures of S. cerevisiae, activity was not increased (Table 1) .
Total SOD was assayed in Mel' and Mel-oxygen-sensitive cryptococcal strains grown at 37°C. No mutant strain differed significantly from the wild types (Table 2) . Catalase assays likewise revealed no significant differences between oxygensensitive mutants and wild-type strains (data not shown).
In common with other eukaryotic organisms, C. neoformans makes cyanide-sensitive and cyanide-resistant SODs. The total activity was increased in cultures grown at 37°C, and thus the reciprocal relationship predicted for the cryptococcal phenol oxidase and the cryptococcal SOD has been demonstrated (strain B-3502, which makes little phenol oxidase at 25°C, also makes less SOD and capsular polysaccharide [7] at 37°C and so behaves like a regulatory cripple). Since the cultures were grown continuously at the indicated temperatures, the regulatory changes described here do not represent a transient heat shock phenomenon. In order to test whether the temperaturerelated increase in SOD occurs generally in fungi, a strain of S. cerevisiae (a nonpathogen which does not make melanin) was assayed under identical conditions. Since the temperaturerelated increase was not seen in the nonmelanotic species, the notion of complementary regulation of melanin and SOD is supported. Direct evidence for an antioxidant role for melanin in cryptococci is already very strong (10) ; to this evidence we now add the observation that oxygen-sensitive, albino cryptococcal mutants exhibit normal levels of SOD (and catalase). Thus, the oxygen sensitivity of albinos seems not to be explainable by pleiotropic defects in these classical oxidant-scavenging enzymes.
Considering that phenol oxidase is the melanin-producing enzyme and that melanin consumes superoxide ions (4, 17) , it makes physiologic sense for the regulation of phenol oxidase and that of SOD to be complementary. Thus, the SOD response occurs even during the exponential phase of growth, while melanization occurs only during the stationary phase and depends upon the availability of catechol substrates (16) .
Cryptococcal SOD is not secreted, while melanin is situated outside the cell, where it protects against extracellular but not intracellular oxidants (10 
